Background and objectives Children with chronic kidney disease (CKD) are at risk for cognitive dysfunction, and over half have hypertension. Data on the potential contribution of hypertension to CKD-associated neurocognitive deficits in children are limited. Our objective was to determine whether children with CKD and elevated BP (EBP) had decreased performance on neurocognitive testing compared with children with CKD and normal BP.
Introduction
Children with chronic kidney disease (CKD) are at risk for cognitive dysfunction (1, 2) . Although advances such as improved nutrition, avoidance of aluminum, improved dialysis, and improved anemia control have significantly decreased the prevalence of severe developmental delay, studies continue to show that children with CKD demonstrate deficits on neurocognitive testing as well as academic achievement that is significantly below grade level in comparison with healthy children (3) . Previous studies have focused primarily on children with end-stage kidney disease or severe CKD with little data available on the neurocognitive function of children with mild-tomoderate CKD (1) . However, the ongoing Children with Chronic Kidney Disease Cohort Study (CKiD) is currently evaluating neurocognitive function in nearly 540 children with mild-to-moderate CKD (4) . A recent report of the baseline neurocognitive function of the cohort revealed that, although children with mild-to-moderate CKD did not demonstrate major neurocognitive deficits, a substantial proportion did show neurocognitive dysfunction, particularly in the form of lower ratings of executive functions (5) .
The etiology of neurocognitive dysfunction in children with CKD is likely multifactorial and may include effects of the renal disease itself as well as effects of associated comorbidities such as anemia, hyperlipidemia, and hypertension (1) . Over half of children with CKD are hypertensive (6, 7) . It is known that young adults with primary hypertension demonstrate decreased performance on neurocognitive testing compared with normotensive controls (8) . There is emerging evidence that children with primary hypertension also have decreased performance on neurocognitive testing (9) . However, data on the potential contribution of hypertension to CKD-associated neurocognitive deficits in children are limited, particularly in those with mildto-moderate CKD.
In this report, neurocognitive data from the CKiD study were analyzed to determine whether children with CKD and increased BP have decreased performance on selected neurocognitive functions when compared with children with CKD and normal BP. In addition, the relative contribution of BP to neurocognitive outcomes, when controlling for selected sociodemographic and disease-related variables, was examined.
Materials and Methods

Study Participants
The CKiD study is a longitudinal, observational cohort study of children with CKD being conducted at 46 pediatric nephrology centers in North America. Enrollment criteria include age 1 to 16 years and Schwartz-estimated GFR of 30 to 90 ml/min per 1.73 m 2 , whereas exclusion criteria include solid organ, bone marrow, or stem cell transplant; dialysis treatment within 3 months before enrollment; cancer/leukemia or HIV treatment within the past year; pregnancy within the past year; inability to complete protocol procedures; or enrollment in a randomized clinical trial with masked treatment. This study is a cross-sectional analysis of baseline information for CKiD subjects between the ages of 6 and 17 years for whom both neurocognitive data and BP measurements were available as of September 2009. Subjects younger than 6 years were administered a different neurocognitive test battery and were therefore excluded. The study protocol was approved by the Institutional Review Boards at each participating center.
Measurements
Blood Pressure Measurement
As part of the study protocol, CKiD participants have casual BP measurements obtained in the right arm by auscultation at each study visit (6) . Three BP measurements are obtained by auscultation of the brachial artery using the first Korotkoff sound for systolic BP (SBP) and the fifth Korotkoff sound for diastolic BP (DBP). The average of the three BP measurements are recorded as the participant's BP for the study visit. BP obtained at the CKiD study visit corresponding with the initial neurocognitive assessment (6 months after the baseline study visit) were included in this study.
If the SBP and DBP were both Ͻ90 th percentile for age, gender, and height (10), the subject was categorized as having normal BP. If the SBP and/or DBP were Ն90 th percentile, then the subject was categorized as having elevated BP (EBP). Categorization of subjects as having normal BP or EBP was made regardless of whether the subject was reported to be on antihypertensive medication. Subjects with EBP were considered to be prehypertensive if the SBP and/or DBP was Ն90 th percentile but both Ͻ95 . Order effects were controlled via counterbalancing blocks of tasks. All of the assessments were administered/supervised at each participating clinical site by a licensed psychologist who was not aware of the subject's BP status. To ensure quality control, neurocognitive data for the first two cases completed at each clinical site were reviewed by the Clinical Coordinating Center neuropsychologist. Thereafter, 25% of the assessments were reviewed to verify administration fidelity, scoring accuracy, accuracy of translation of raw scores into standardized scores, and accuracy of transcription of the scores onto the case report forms. All of the measures in the neurocognitive battery have very good to excellent ratings of reliability (11) .
Other Variables GFR was determined by plasma iohexol disappearance (iGFR) (12) . Demographic and medical history data were collected using standardized forms. Variables of interest for this analysis included age, gender, maternal education (high school or less, 13 to 15 years of education, or Ն16 years of education), self-reported race (African American versus non-African American), and ethnicity (Hispanic versus non-Hispanic), body mass index (BMI) percentile, duration of CKD (% of life with CKD, defined as CKD duration/age * 100), reported use of antihypertensive medications, and low birth weight (LBW, Ͻ2500 g).
Data Analyses
The data in this report are reported as the means Ϯ SD, median with interquartile range, or frequencies and percentages, as appropriate. Initial group differences were examined to determine potential variables that could be used as covariates. Here, continuous variables were compared using the Wilcoxon rank-sum test, and proportions were compared using the Fisher exact test. To determine whether children with CKD and EBP have poorer performance in neurocognitive function when compared with CKD children with normal BP, the normal BP and EBP groups were compared using unequal variance t tests that are robust to non-normality. To assess the association between BP level and neurocognitive performance, multiple linear regressions were performed for the neurocognitive measures found to be different between the BP groups. Each regression included an analysis of residuals as a check on the required assumptions of normally distributed errors with constant variance. If these assumptions were violated, data transformations were used. Separate analyses investigated the strength of the relationship between neurocognition and BP defined as a categorical variable as well as a continuous variable. In addition to BP, other independent variables in the regression models included sociodemographic variables (i.e., gender, age, race, ethnicity, and maternal education) and disease-related variables (i.e., BMI percentile, iGFR, % of life with CKD, low birth weight, treatment with antihypertensive medication, and hemoglobin). The significance level for all data analyses was set at P Ͻ 0.05. SAS 9.2 (SAS Institute, Cary, NC) was used for all analyses.
Results
There were 518 subjects who completed the pertinent study visit. Of those, 91 were excluded for age Ͻ6 years, and 44 were excluded for missing data. Therefore, BP measurements and neurocognitive testing results were available for 383 participants. EBP was common, occurring in 132 (34%) of the 383 participants. Seventy-four (56%) of these were prehypertensive, and 58 (44%) were hypertensive. On average, EBP subjects had a higher BMI percentile and had been diagnosed with CKD more recently than normal BP subjects. By definition, the EBP subjects had a higher median SBP and DBP index compared with normal BP subjects. No BP group differences were found with regard to age, gender, race/ethnicity, maternal education, iGFR, hemoglobin, and proportion with LBW. The majority of subjects in both groups were on antihypertensive medication (Table 1) . Compared with normal BP subjects, subjects with EBP were less likely to be on an angiotensinconverting enzyme inhibitor (58% versus 46%, P ϭ 0.05) but more likely to be on a calcium-channel blocker (9% versus 20%, P ϭ 0.002). There was no difference between groups in the use of angiotensin receptor blockers (10% versus 11%, P ϭ 0.86) or beta blockers (3% versus 7%, P ϭ 0.10). Three or fewer subjects in each group were prescribed alpha blockers, ␣-beta blockers, or centrally acting ␣-2 agonists.
Group Comparisons on the Neurocognitive Variables
Bivariate analysis of neurocognitive testing data revealed that children with EBP had lower scores (worse performance) on the WASI Performance IQ (PIQ) and WASI Full Scale IQ compared with normal BP children with CKD (Table 2 ). In addition, PIQ scores were inversely correlated with SBP index (r ϭ Ϫ0.13, P ϭ 0.01) and with DBP index (r ϭ Ϫ0.19, P Ͻ 0.001). By contrast, there was no significant difference between groups in the WASI Verbal IQ, WAIT-II, CPT-II, or the Parent BRIEF ( Table 2 ).
The Relationship between Blood Pressure and Performance IQ
Multivariate linear regression analysis was used to further evaluate the association between increased BP and lower PIQ score (dependent variable). In all of these models, the analysis of residuals indicated that the assumptions required by the model were satisfied, and no data transformations were necessary. The independent variable of BP was defined categorically and continuously in three separate regression models, with EBP, SBP index, and DBP index each serving as the primary predictor of interest in each model. All other covariate definitions were kept constant across the three models. Increased BP was independently associated with lower PIQ score (worse performance) whether defined categorically (EBP; Table 3 ) or continuously (SBP index, DBP index; Table 4 ). BP index remained significantly associated with PIQ score, even when the regression analysis was restricted to subjects with BP in the normal range (SBP index: ␤ ϭ Ϫ1.86, P ϭ 0.035; DBP index: ␤ ϭ Ϫ2.39, P Ͻ 0.001). In the first regression model, EBP and African American race were associated with lower PIQ scores (effect size relative to 1 SD PIQ score; EBP ϭ 0.25, African American race ϭ 0.57), whereas male gender and maternal education Ն16 years were associated with higher PIQ scores (effect size; male gender ϭ 0.27, maternal education Ն16 years ϭ 0.62), after controlling for the other covariates.
Treatment with antihypertensive medication was not associated with PIQ score (Tables 3 and 4) . The results were similarly nonsignificant when the regression models were rerun using "Angiotensin-converting enzyme inhibitor (yes/no)" or "Calcium-channel blocker (yes/no)" rather than the covariate for all antihypertensive medications together (data not shown), an analysis that was done because of the imbalance in use of these antihypertensive medications between groups. In post hoc analysis, the effect of adding the underlying CKD diagnosis (glomerular versus nonglomerular) and nephrotic proteinuria (urine protein/creatinine Ͼ2) as covariates to the regression models was negligible ( 
]).
Among the EBP subjects, there was no difference between the strength of association of BP in the prehypertension range and that of BP in the hypertension range with PIQ score (data not shown). Figure 1 shows the relation between BP and adjusted PIQ scores for both SBP and DBP index.
Discussion
This study was conducted to determine whether children with CKD and increased BP had poorer performance on selected tests of neurocognitive function when compared with normal BP children with CKD and to examine the relative contribution of BP to neurocognitive outcomes, taking into account sociodemographic and disease-related variables. The results showed that increased BP in children with mild-to-moderate CKD was independently associated with lower scores (worse performance) on WASI Performance IQ. In contrast, increased BP was not associated with measures of attention, verbal IQ, academic achieve- ment, or parental ratings of executive functions. With regard to the other variables analyzed, socioeconomic status (race, maternal education) was most strongly associated with PIQ scores, whereas LBW and gender were also independently associated with PIQ score, but to a lesser extent. The strong association between maternal education level and improved performance on the WASI was expected and has been reported previously in the CKiD cohort (5). Other disease-related variables thought to affect cognition, such as disease severity and disease duration (1), were adjusted for in the multivariate analyses. Performance IQ is a measure of nonverbal abilities and is generally linked to perceptual organization. More specifically, Performance IQ on the WASI is defined by the individual's scores on two subtests: Block Design and Matrix Reasoning (11) . Block Design requires the individual to utilize visual-spatial organization, planning, and constructional abilities, whereas Matrix Reasoning requires the individual to utilize visual-spatial organization and nonverbal reasoning. Taken together, our results suggest that children with CKD may have difficulties with visual-spatial organization and visuoconstructive abilities that are related, in part, to increased BP, and perhaps implicate the dorsal pathway of the right hemisphere (i.e., the "where" pathway) (13) . Deficits or dysfunction of these neurocognitive abilities may contribute to day-to-day problems involving spatially based math and science skills, directionality, reading maps, graphs, and charts. However, the difference in PIQ score between CKD subjects with EBP and those with normal BP was small, similar in magnitude to IQ decreases in lead toxicity associated with a 10 g/dl rise in lead levels above the normal limit (14) . Despite significant variability (as reflected by the wide scatter in Figure 1) , there was an inverse relationship between BP index and adjusted PIQ score in this study, suggesting that higher systolic and diastolic BP are associated with a lower PIQ score, even in the normotensive range. These results are consistent with a recent study in adults showing that the relation between global cognitive performance and SBP was linear, even in the normotensive range, with the best cognitive performance in subjects with SBP Ͻ120 mmHg (15) .
It is important to note that the majority of subjects in this study reported being prescribed antihypertensive medication. There is little evidence that antihypertensive medications have significant direct adverse effects on cognitive function (16) . However, studies have reported areas of small performance deficits as well as areas of slight improvement (17) . In this study, analyses showed that treatment with antihypertensives was not associated with either higher or lower PIQ scores, implying that increased BP itself rather than its treatment was the factor associated with lower PIQ scores. Furthermore, the number of subjects on clonidine, a medication that can be used for both hypertension and inattention, was too small to affect the neurocognitive testing results.
Recent studies suggest that children with high BP have deficits in neurocognitive function, similar to young adults with hypertension (8, 9, 18, 19) . Children with CKD are at risk for neurocognitive dysfunction, and they are frequently hypertensive. Given the emerging evidence of neurocognitive deficits in children with primary hypertension, it is plausible that a similar hypertension-cognition link is present in children with hypertension secondary to CKD, and these findings would provide some support for this supposition. The existing literature on cognition and hypertension in children is mostly limited to subjects with untreated primary hypertension and shows executive function deficits in hypertensives, a result not found in this study. The difference in results may be due to the effects of kidney disease on the relation between BP and cognition or to the use of antihypertensive medication in the CKD subjects, which has been reported to improve executive function in children with primary hypertension (19) .
This study has several limitations. The cross-sectional study design limits inference about the causal relationship between increased BP and lower PIQ scores. First, although the relationship between increased BP and lower PIQ is intriguing, it is important to mention that we extracted the PIQ variable from a brief IQ measure (i.e., the WASI). Other measures of nonverbal abilities will need to be examined in relationship to elevated BP to support the findings obtained from this study. This would include the use of full IQ tests where additional measures of both verbal and nonverbal IQ are included, thus providing further examination of this relationship. Second, it is not clear whether the lower PIQ scores in subjects with increased BP were due to the BP itself or some other undetermined disease related factor that is associated with alteration of BP. The subjects did not have 24-hour ambulatory BP monitoring (ABPM) at the time of neurocognitive assessment. Instead, BP status was determined using casual BP measurements that are known to correlate less well with hypertensive target organ damage compared with ABPM (20) . Although ABPM is included in the CKiD study design, it is not done until at least 6 months after the initial neurocognitive assessment, the assessment that was analyzed in this report. In addition, categorization as EBP was determined using BP measurements from a single visit rather than BP readings over several occasions. Therefore, it is possible that there were some normal BP subjects in the EBP group and EBP subjects in the normal BP group. However, this limitation would have biased the study toward finding no difference between groups. The multivariate analyses did not include lead as a covariate, a known determinant of cognition in children. However, unpublished data show that the CKiD cohort has had only negligible lead exposure (J. Fadrowski, personal communication). Lastly, because the effects of BP on neurocognitive test performance are known to be subtle (8), we did not adjust the analyses for multiple comparisons. Although this approach permits the detection of more subtle differences, it could increase the risk of a type 1 error.
In summary, we report the novel finding of an association between higher BP and poorer neurocognitive function in children with CKD. This finding is particularly notable given the mild-to-moderate degree of CKD in the participants. Further studies are warranted to determine whether lowering of BP improves cognition in children with CKD. Longitudinal analysis of children in the CKiD cohort is planned to increase understanding of the relationships observed in this cross-sectional study.
